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Measurements of diboson production at the CERN LHC allow precision tests of the standard model (SM). In the SM, $\documentclass[12pt]{minimal}
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Previous measurements of the ZZ production cross section by the CMS Collaboration were performed for pairs of on-shell $\documentclass[12pt]{minimal}
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This paper reports a study of four-lepton production ($\documentclass[12pt]{minimal}
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The CMS detector {#Sec2}
================

A detailed description of the CMS detector, together with a definition of the coordinate system used and the relevant kinematic variables, can be found in Ref. \[[@CR17]\].

The central feature of the CMS apparatus is a superconducting solenoid of 6$\documentclass[12pt]{minimal}
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Electron momenta are estimated by combining energy measurements in the ECAL with momentum measurements in the tracker. The momentum resolution for electrons with transverse momentum $\documentclass[12pt]{minimal}
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Signal and background simulation {#Sec3}
================================

Signal events are generated with [powheg]{.smallcaps}  2.0 \[[@CR20]--[@CR24]\] at next-to-leading order (NLO) in QCD for quark-antiquark processes and leading order (LO) for quark-gluon processes. This includes $\documentclass[12pt]{minimal}
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A sample of Higgs boson events is produced in the gluon-gluon fusion process at NLO with [powheg]{.smallcaps}. The Higgs boson decay is modeled with [jhugen]{.smallcaps} 3.1.8 \[[@CR28]--[@CR30]\]. Its cross section is scaled to the NNLO prediction with a *K* factor of 1.7 \[[@CR26]\].
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Samples with aTGC contributions included are generated at LO with [sherpa]{.smallcaps} v2.1.1 \[[@CR32]\]. Distributions from the [sherpa]{.smallcaps} samples are normalized such that the total yield of the SM sample is the same as that of the [powheg]{.smallcaps} sample.

The [pythia]{.smallcaps}  v8.175 \[[@CR23], [@CR33], [@CR34]\] package is used for parton showering, hadronization, and the underlying event simulation, with parameters set by the CUETP8M1 tune \[[@CR35]\], for all samples except the samples generated with [sherpa]{.smallcaps}, which performs these functions itself. The NNPDF 3.0 \[[@CR36]\] set is used as the default set of parton distribution functions (PDFs). For all simulated event samples, the PDFs are calculated to the same order in QCD as the process in the sample.

The detector response is simulated using a detailed description of the CMS detector implemented with the [Geant4]{.smallcaps} package \[[@CR37]\]. The event reconstruction is performed with the same algorithms used for data. The simulated samples include additional interactions per bunch crossing, referred to as pileup. The simulated events are weighted so that the pileup distribution matches the data, with an average of about 27 interactions per bunch crossing.

Event reconstruction {#Sec4}
====================
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The lepton reconstruction, identification, and isolation efficiencies are measured with a "tag-and-probe" technique \[[@CR43]\] applied to a sample of $\documentclass[12pt]{minimal}
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Event selection {#Sec5}
===============

The primary triggers for this analysis require the presence of a pair of loosely isolated leptons of the same or different flavors \[[@CR44]\]. The highest $\documentclass[12pt]{minimal}
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The four-lepton candidate selections are based on those used in Ref. \[[@CR45]\]. A signal event must contain at least two $\documentclass[12pt]{minimal}
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Background estimate {#Sec6}
===================
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To account for all sources of background events, two control samples are used to estimate the number of background events in the signal regions. Both are defined to contain events with a dilepton candidate satisfying all requirements ($\documentclass[12pt]{minimal}
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In addition to these nonprompt backgrounds, $\documentclass[12pt]{minimal}
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Systematic uncertainties {#Sec7}
========================

The major sources of systematic uncertainty and their effect on the measured cross sections are summarized in Table [1](#Tab1){ref-type="table"}. In both data and simulated event samples, trigger efficiencies are evaluated with a tag-and-probe technique. The ratio of data to simulation is applied to simulated events, and the size of the resulting change in expected yield is taken as the uncertainty in the determination of the trigger efficiency. This uncertainty is around 2% of the final estimated yield. For $\documentclass[12pt]{minimal}
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The lepton identification, isolation, and track reconstruction efficiencies in simulation are corrected with scaling factors derived with a tag-and-probe method and applied as a function of lepton $\documentclass[12pt]{minimal}
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Uncertainties due to the effect of factorization ($\documentclass[12pt]{minimal}
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The largest uncertainty in the estimated background yield arises from differences in sample composition between the $\documentclass[12pt]{minimal}
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The uncertainty in the integrated luminosity of the data sample is 2.5% \[[@CR48]\].

Cross section measurements {#Sec8}
==========================
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The observed yields are used to evaluate the $\documentclass[12pt]{minimal}
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Limits on anomalous triple gauge couplings {#Sec9}
==========================================

The presence of aTGCs would increase the yield of events at high four-lepton masses. Figure [10](#Fig10){ref-type="fig"} presents the distribution of the four-lepton reconstructed mass of events with both $\documentclass[12pt]{minimal}
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The invariant mass distributions are interpolated from the [sherpa]{.smallcaps} simulations for different values of the anomalous couplings in the range between 0 and 0.015. For each distribution, only one or two couplings are varied while all others are set to zero. The measured signal is obtained from a comparison of the data to a grid of aTGC models in the $\documentclass[12pt]{minimal}
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                \begin{document}$$(f_{5}^\mathrm{Z}, f_{5}^\gamma )$$\end{document}$ parameter planes. Expected signal values are interpolated between the 2D grid points using a second-degree polynomial, since the cross section for the signal depends quadratically on the coupling parameters. A binned profile likelihood method, Wald Gaussian approximation, and Wilk's theorem are used to derive one-dimensional limits at a 95% confidence level (CL) on each of the four aTGC parameters, and two-dimensional limits at a 95% CL on the pairs ($\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$f_4^\mathrm{Z}$$\end{document}$, $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$f_4^\gamma $$\end{document}$) and ($\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$f_5^\mathrm{Z}$$\end{document}$, $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$f_5^\gamma $$\end{document}$) \[[@CR46], [@CR54], [@CR55]\]. When the limits are calculated for each parameter or pair, all other parameters are set to their SM values. The systematic uncertainties described in Section [7](#Sec7){ref-type="sec"} are treated as nuisance parameters with log-normal distributions. No form factor is used when deriving the limits so that the results do not depend on any assumed energy scale characterizing new physics. The constraints on anomalous couplings are displayed in Fig. [11](#Fig11){ref-type="fig"}. The curves indicate 68 and 95% confidence levels, and the solid dot shows the coordinates where the likelihood reaches its maximum. Coupling values outside the contours are excluded at the corresponding confidence levels. The limits are dominated by statistical uncertainties.Fig. 11Two-dimensional observed 95% CL limits (solid contour) and expected 68 and 95% CL limits (dashed contour) on the $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\mathrm{Z}\mathrm{Z}\mathrm{Z}$$\end{document}$ and $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\mathrm{Z}\mathrm{Z}\gamma $$\end{document}$ aTGCs. The upper(lower) plot shows the exclusion contour in the $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$f_{4(5)}^\mathrm{Z}, f_{4(5)}^\gamma $$\end{document}$ parameter planes. The values of couplings outside of contours are excluded at the corresponding confidence level. The solid dot is the point at which the likelihood is at its maximum. The solid lines at the center show the observed one-dimensional 95% CL limits for $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$f_{4,5}^\gamma $$\end{document}$ (horizontal) and $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$f_{4,5}^\mathrm{Z}$$\end{document}$ (vertical). No form factor is used

The observed one-dimensional 95% CL limits for the $\documentclass[12pt]{minimal}
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One way to impose unitarity on the aTGC models is to restrict the range of four-lepton invariant mass used in the limit calculation. The limits will then depend on the "cutoff" value used. The computation of the one-dimensional limits is repeated for different maximum allowed values of $\documentclass[12pt]{minimal}
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                \begin{document}$$m_{4\ell }$$\end{document}$, and the results are presented in Fig. [12](#Fig12){ref-type="fig"} as a function of this cutoff.Fig. 12Expected and observed one-dimensional limits on the four aTGC parameters, as a function of an upper cutoff on the invariant mass of the four-lepton system. No form factor is used

Summary {#Sec10}
=======
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                \begin{document}$$\sqrt{s} = 13\,\text {TeV} $$\end{document}$ have been performed with the CMS detector at the CERN LHC. The measured $\documentclass[12pt]{minimal}
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                \begin{document}$$\mathcal {B}(\mathrm{Z}\rightarrow 4\ell ) = 4.83 _{-0.22}^{+0.23} (stat)_{-0.29}^{+0.32} (syst) \pm 0.08 (theo) \pm 0.12 (lumi) \times 10^{-6}$$\end{document}$ for four-lepton mass in the range $\documentclass[12pt]{minimal}
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                \begin{document}$$m_{\ell \ell } > 4\,\text {GeV} $$\end{document}$ for all oppositely charged same-flavor lepton pairs. Normalized differential cross sections were also measured. All results agree well with the SM predictions. Improved limits on anomalous $\documentclass[12pt]{minimal}
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                \begin{document}$$\mathrm{Z} \mathrm{Z} \gamma $$\end{document}$ triple gauge couplings were established, the most stringent to date.
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